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Abstract

Polytetrafluoroethylene (PTFE) has become an essential material in the manufacturing of critical flow-control components
in various industries. These components require high surface quality and micron-level machining dimensions. The study of
the minimum uncut chip thickness (MUCT) presents an opportunity to enhance the machining precision of PTFE. The objec-
tive of the research is to determine the MUCT of PTFE by employing finite element (FE) cutting simulation and orthogonal
cutting experiments. Initially, the two-dimensional orthogonal FE cutting models, with varying parameters of cutting depth
(30-80 pm) and cutting speed (5000 mm/min), utilizing the Johnson—Cook (J-C) constitutive model has been applied for
simulating the MUCT of PTFE. The parameters of the J-C constitutive model have been determined through quasi-static
tension tests (Strain rates: 0.001 s™'-0.1 s, Temperature: 24 °C) and the split Hopkinson bar (SHPB) tests (Strain rates:
500 s~'-3000 s~!, Temperature: 24—-100 °C). Subsequently, the orthogonal cutting experiments corresponding to the FE
simulation are designed and performed. The cutting force, cutting chip, and machined surface morphology are analyzed to
assess the precision of the established FE model and determine the MUCT of PTFE. It was concluded that the numerical
results are in good agreement with the experimental results, with a minimum relative error of 0.885% in cutting force and
2.03% in the axial ratio of chip curvature. And the MUCT for PTFE was determined to be 70 pm in this study, in the case
of rake angle, flank angle, and tool edge radius of the cutting tool are 0°, 6°, and 40 pm, respectively. It has been indicated
that the properties and flow direction of the removed workpiece material play a significant role in chip formation under the
influence of extrusion and friction in the workpiece-tool-chip contact area. These results offer a theoretical foundation for
enhancing the machining precision of PTFE.
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1 Introduction

Polytetrafluoroethylene (PTFE) has emerged as an essen-
tial material for flow control components in wafer cleaning
equipment and wet chemical etching equipment, owing to
its exceptional corrosion resistance and high-temperature
endurance [1]. PTFE parts with simple geometries are
often produced by compression molding, and sintering
technics [2, 3]. Mechanical cutting operations are also
required to produce some PTFE parts with complex geom-
etries. The machining dimension of some parts reaches the
micron level. However, the cutting mechanisms of PTFE
are significantly different from metal cutting in terms of
chip formation, and surface quality. And it is difficult to
ensure machining accuracy during cutting PTFE because
of its properties such as low strength, high elasticity, and
large linear expansion coefficient [4]. So, it is necessary
to investigate the cutting mechanisms of PTFE, which is
crucial for promoting its machining accuracy.

The knowledge of minimum uncut chip thickness
(MUCT) is an efficient way to investigate the cutting
mechanisms and select the appropriate cutting conditions.
Liu et al. [5] reported that, in orthogonal cutting, there are
no chips generated when the cutting depth keeps below
a critical value, and the plowing effect is the main fac-
tor affecting the cutting process. The MUCT effect would
limit the machined surface quality. When the cutting depth
excessed the critical value, the chips will be formed. This
critical value is defined as the MUCT. When the uncut
chip thickness is nearby or less than the MUCT, the sur-
face roughness is mainly attributed to the plowing effect
[6]. So, the MUCT is a measure of machining accuracy
gainable in the ideal conditions with ideal machine and
tool performance [7].

The MUCT is dependent on the workpiece material and
cutting tool geometries [8]. Many experimental methods
have been used to determine the MUCT of different cutting
processes. De Oliveira et al. [9] performed milling tests on
AISI 1045 steel in the case of cutting depth varied from 80
to 320 pm. And they determined the MUCT by correlating
the cutting force, chip formation, and surface roughness.
Yun et al. [10] presented a method, which could detect the
MUCT during cutting copper by analyzing the peak values
of the cutting force signal. Rezaei et al. [11] evaluated
the MUCT of Ti-6Al-4V during the milling process both
quantitatively and qualitatively by analyzing the machined
surfaced surface quality and the cutting force. They con-
cluded the MUCT varied in the range of 15% to 49% of
the tool edge radius. In addition, some newer approaches
such as finite elements methods, and smoothed particle
hydrodynamics have been applied for the determination
of MUCT [12].

The FE cutting simulation is the most generalized method
in modeling the cutting process, which is efficient and low
in cost. FEM could reveal the distribution of strains, strain
rates, and temperatures of the cutting process simultane-
ously [13]. To predict the cutting process accurately, the
parameters of the material constitutive model should be
determined precisely with the appropriate methods. The J-C
constitutive model, which could reflect the quasi-static and
dynamic properties of the materials, is commonly used in
describing the constitutive behavior of the materials during
the cutting process [14]. In this regard, quasi-static tension/
compression experiments, SHPB tests, and cutting tests are
commonly used methods to identify the parameters of the
J—C constitutive model [15-18].

In recent years, a large sum of research has been con-
ducted to identify the constitutive parameters of polymers,
composites, and metals. And a variety of FE models for cut-
ting these materials have been established. Rae and Dattel-
baum [19] conducted the quasi-static compression tests of
PTFE with strain rates varied from 10~*to 1 s~!, and SHPB
compression tests of PTFE under the strain rate at 3200
s~ with different temperatures. Then, Rae and Brown [20]
conducted a series of tension tests of PTFE under various
conditions. They concluded that the mechanical properties
of PTFE were mainly affected by strain rate and temperature.
Yan et al. [21] tested the dynamic mechanical properties of
titanium alloy by high-temperature SHPB experiments, and
the sensitivity of strain and temperature of titanium alloy
were analyzed by the true strain—stress curves. In addition,
they used the power-law and the J-C constitutive model to
fit the experimental results. The average error of both models
with the experimental results was less than 6%.

Yang et al. [22] proposed an explicit FE model to pre-
dict the cutting performance of high-density polyethylene
(HDPE). The J-C constitutive was established based on the
true stress—strain curve, and the chip formation processes
were simulated based on the ductile damage criterion. Fu
et al. [23] also used the ductile damage model to simulate the
fracture of the epoxy materials during the macro-machining
process (cutting depth varies from 10 to 100 um). They con-
cluded that the shear plastic slip mechanism could describe
the epoxy cutting deformation. Fan et al. [24] conducted a
series of compression tests with different strain rates and
temperatures to identify the J—C constitutive parameters of
SiCp/Al composites. They modified the constitutive model
by considering the strain gradient theory. And they con-
cluded that the cutting mechanism of SiCp/Al composites
could be better revealed by the modified constitutive model.
Lu et al. [25] conducted ultra-precision grooving experi-
ments on SiCp/Al composites, and the chip profile captured
by the high-speed camera and the simulation results were in
good agreement. Bagheri et al. [26] determined the effect of
friction stir processing (FSP) parameters and vibration on
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the machining behavior of AZ91 alloy by establishing the
three-dimensional FE modeling for simulating the small-
hole drilling process of AZ91 alloy incorporating J-C con-
stitutive model and material failure criterion. The results of
chip formation, chip morphology, and cutting forces show
that the application of vibration during the friction stir pro-
cessing (FSP) improves adiabatic shearing and thus leads
to more discontinuous chips, which finally enhances the
mechanical and machining properties of processed AZ91
alloy.

Teng et al. [27] compared the accuracy of the smoothed
particle hydrodynamics (SPH)-FEM coupling cutting model
and the FE cutting model during SiC/Al matrix compos-
ites cutting simulation. And the established model has been
verified by the orthogonal cutting experiments. The results
showed that the SPH-FEM model had higher accuracy
in predicting the cutting performance. Saelzer et al. [28]
identified the parameters of the J-C constitutive model by
temperature-dependent experiments and the covariance
matrix adaptation evolution strategy. The results of the
orthogonal FE cutting simulations showed that the coupled
approach could predict the cutting force more accurately.
Elkaseer et al. [29] reported the results of a FEM modeling
and simulation study during cutting of stainless steel 316L.
in the case of cutting depth was 0.01 mm with different feed
rates. And the results of the simulation and experimental
were compared by the morphologies of chips. Moreover, the
geometries of the cutting tool are considered to be one of the
most critical parameters in the orthogonal cutting process. In
the orthogonal cutting FE simulation and experiments, the
cutting deformation could be well analyzed by setting the
rake angle as 0° [30, 31]. Further, compared with other rake
angles, performing the orthogonal cutting FE simulation by
setting the tool model with rake angle of 0° could predict the
actual cutting results more accurately [32].

The aforementioned literature indicates that substantial
numerical and experimental investigations have been con-
ducted to assess the MUCT of polymers, metals, and com-
posite materials. Furthermore, FE models have been devel-
oped and verified for cutting these materials. But limited
research has been carried out on cutting PTFE. In this paper,
the parameters of the J-C constitutive model for PTFE have
been identified by conducting quasi-static tension tests and
the SHP tests under different strain rates and temperatures.
The two-dimensional orthogonal FE cutting models utilizing
the J-C constitutive model with varying cutting depths, and
the corresponding orthogonal cutting experiments have been
performed. The study compares numerical and experimental
results of cutting force, chip formation, and machined sur-
face morphology to validate the accuracy of the established
FE model and determine the MUCT of PTFE. Addition-
ally, the Mises stress within the tool-workpiece contact area
and the displacement vector diagram of workpiece surface

nodes in simulation are analyzed to investigate the charac-
teristics of chip formation as the cutting depth approaches
the MUCT.

2 Ildentification of Materials Parameters

Johnson—Cook constitutive model, which is developed by
Johnson and Cook [33], has been commonly used in per-
forming FE cutting simulation because of its simple multi-
plicative structure, as shown in Eq. (1). This equation con-
sists of three independent terms, which relate the flow stress
o to the mechanical and thermal loads on the equivalent
plastic strain €,,, strain rate £, and temperature parameters:
T (experimental temperature), T, (reference temperature),
and T, (melting temperature of the material).

T —

T, m
Ty =T, ] @

melt

o= (A+BeN(1+Cln i)[1 —(
€0

In the first term, parameters of A and B are the initial
flow stress and the hardening modulus of the material, and
n is the work-hardening exponent. In the second term, C
represents the work-hardening exponent of the material. And
in the third term, m is the thermal softening coefficient of
the material. In order to well govern the characteristics of
PTFE, A, B, n, C, and m need to be identified experimentally.
The quasi-static tension tests were performed to identify the
parameters of A, B, and n. And the SHPB tests were con-
ducted to identify the parameters of C and m.

2.1 Quasi-static Tension Tests

The quasi-static tension tests were carried out on the elec-
tronic universal test machine, as shown in Fig. 1. The lower
die of the machine is fixed and the upper die could move at
a constant speed to ensure a constant strain rate during the
test. The tension specimens were installed between the two
dies. The specimens were prepared according to standard
“ASTM D4894”, as shown in Fig. 1. The strain rates were
set as: 0.001, 0.005, 0.01, 0.05, and 0.1 s~!. The tests were
carried out at room temperature, which was 24 °C.

As shown in Fig. 2, the true strain—stress curves converted
from the results obtained directly from the quasi-static ten-
sion experiments have been applied to identifying the A, B,
and n. The curve of strain rate was 0.001 s~! has been used
to fit these three parameters.

2.2 Hopkinson Bar Test
As shown in Fig. 3, the experimental setup of the SHPB

test consists of the main body, bracket, and acquisition part,
The main body consists of the pneumatic pulse generator,
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Fig. 1 Experimental set up of tension tests at quasi-static conditions
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Fig.2 True strain—stress curves of PTFE at different strain rates

projectile, input bar, output bar, and damper. The specimens
are positioned between the input and the out bar. The projec-
tile would be accelerated by the compressed air generated by
the pneumatic pulse generator and shoot onto the input bar.
The mechanical impulse would be generated at the projectile
and input bar interface. This impulse would pass through the
input bar. Then, some of the impulses would be reflected by
the specimen, while others pass through the specimen leading
to deformation. After that, part of the passed impulse would
be reflected by the end of the specimen and the remaining
would transfer to the output bar. These impulse signals would
be transferred to the acquisition system by the strain gauges
installed on the bars and, at last, analyzed by the software.
Table 1 summarizes the results of the values of A, B,
n, C, and m of the PTFE, which were fitted from the true

@ Springer KE;E

Table 1 Material parameter of J-C model for PTFE

Initial flow  Pre- Work Strainrate  Thermal

stress Ain  exponential hardening factor C softening

MPa factor Bin  exponent n exponent m
MPa

12.52 28.85 1.103 0.1013 0.4725

strain—stress curves obtained by the experiments of quasi-
static tension and the SHPB tests.

The recommended aspect ratio of metal specimens for the
SHPB test is 1:1 to 1:2. In this paper, PTFE specimens with
various geometries have been tested, and it was found that
the most stable impulse signals were obtained when using
PTFE specimens have a length [, of 5 mm and a diameter ¢
of 10 mm (aspect ratio of 1:2). So, the PTFE specimens with
the above-mentioned dimension were used to perform SHPB
test under different conditions. Generally, the cutting tem-
perature of the PTFE material cutting process varies from
20 to 100 °C [34, 35]. In order to accurately fit the thermal
softening exponent m in the J-C constitutive model of PTFE
material, SHPB tests with different strain rates were carried
out under 24 °C, 50 °C, and 100 °C. The strain rates were set
as 500, 1000, 2000, and 3000 s7h Figure 4 shows the results
of the true strain—stress curves of PTFE obtained by SHPB
tests under different conditions.

Table 1 summarized the results of the values of A, B,
n, C, and m of the PTFE, which were fitted from the true
strain—stress curves obtained by the quasi-static tension tests
and the SHPB tests.

| Pneumatic pulse generator

Input bar material: ~ AISI 1045
Output bar material: AISI 1045

Bar diameter:

Specimen length:  Smm
Specimen diameter: 10mm

14mm Sampling rate: IMHz

Wave propag. Speed: 5122.69mm/s

Fig.3 Experimental set up for SHPB test
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Fig.4 True strain—stress curves of PTFE obtained from SHPB tests at
different strain rates and temperatures

3 Cutting Simulation

To investigate the MUCT of PTFE by the FE simulation, a
two-dimensional orthogonal cutting FE simulation is devel-
oped using the Abaqus Explicit, as shown in Fig. 5. The unit
system SI (mm) was adopted during the modeling.

The dimension of the workpiece were 1 mm in height
and 20 mm in length. The basic properties of the workpiece
involved in the simulation process are shown in Tables 1 and
2. To ensure the accuracy of the cutting simulation, the four-
node plane strain elements (CPE4RT) method has been used
to mesh the workpiece, and the mesh size for the cutting area
of the workpiece is 5 pm X 5 pm, while the mesh size for the
rest area of the workpiece is 20 pm X 20 pm. Based on the
existing literature and the previous studies, to investigate and

[ | Element size=5um
[ | Element size=20pm
% Reference point

A Fixed boundaries @
@ Rigid body

§ a=30-80um Vo

Workpiece X

S IS S S
LAY A X L7 A%, X %

Fig.5 Schematic of geometry and boundary conditions in FE simula-
tions

Table 2 Physical properties of PTFE

Density (t/mm3) 2.1e7°
Young’s Modulus (MPa) 280
Poisson’s Ratio 0.46

Melting temperature (°C ) 327

Specific Heat (mJ-t LK™ 1.05¢°
Conductivity (mW-mm~ K™ 0.292
Coefficient of linear expansion 10x 1075/ °C

predict the cutting deformation more accurately, the rake
angle, flank angle, and the tool radius of the cutting insert
were 0°, 6°, and 40 pm, respectively [30-32]. PTFE is much
softer than the tool material so the deformation of the tool
during the cutting process could be ignored. Therefore, the
cutting insert is modeled as a rigid body.

During the simulation, the distance between the work-
piece and the tool in the X direction was 2 pm. The relative
position of the tool varied in the Y direction from 30 to
80 pm according to the cutting depth. In addition, the cut-
ting temperature increase during the orthogonal cutting of
PTFE material is minimal due to limited interaction between
the tool-workpiece-chip interface, as well as the brief dura-
tion of the cutting process [36]. The orthogonal cutting test
of PTFE material in this study was carried out at a room
temperature of 24 °C. Therefore, in the cutting simulation
process, the initial temperature of the simulation is set to
24 °C. In the analysis step, the time period is set as 0.12
according to the cutting length and cutting speed, the target
time increment of mass scaling is set as 1e7°, and the max
time increment is set as unlimited.

The nodes of the bottom boundary of the workpiece are
fixed in both the X and Y directions. Both the contact con-
ditions between the tool interface-workpiece and tool inter-
face-chip were set as surface-to-surface contact (Explicit).
The normal behavior and tangential behavior are described
with hard contact and penalty models respectively. The
coefficient of friction p is set as 0.02. In order to avoid the
impact of chip embedding on the workpiece surface after
curling, the contact condition of the chip surface is set to
self-contact, and the contact model is set to “Frictionless”.

The tool applied a cutting speed of 5000 mm/min along
the X direction, which corresponds to the cutting test, and
the cutting parameters are listed in Table 3. The cutting force
is collected by the reference point (RP) set on the up edge
of the tool.

@ Springer KEF]E
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Table 3 Cutting parameters

Cutting parameters Value
Cutting depth (pm) 30, 40,
50, 60,
70,80
Cutting speed (mm/min) 5000
Cutting length (mm) 20

4 Cutting Experiment

To investigate the MUCT of PTFE by experiments and
validate the established FE cutting model, the orthogonal
cutting experiments have been conducted on a turning-
milling machine, as shown in Fig. 6. The workpieces have
the dimension of 80 mm in length and 30 mm in diameter
are purchased from VALQUA (Shanghai) Co. Ltd, and the
properties of the workpiece are listed in Table 2. The high-
speed steel (HSS) groove cutting insert was used to perform
the orthogonal cutting. The rake angle y, flank angle a, and
inclination angle A of the cutting tool are 0°, 6°, and 0°,
respectively. Moreover, the cutting insert was cut open along
the cutting edge utilizing wire electrical discharge machin-
ing and then polished to measure the tool nose ratio r. It has
a radius of 40 pm, as shown in Fig. 6b.

This study aims to determine the MUCT of PTFE through
orthogonal cutting tests utilizing an orthogonal cutting tool.
In the experiment, the orthogonal cutting depth is small,
specifically <0.1 mm. The accuracy of the experimental
results is directly affected by whether the orthogonal cutting
experiments with different cutting depths could be carried
out accurately. In this regard, a particular scheme for the
orthogonal cutting experiment is devised. The experimental

Fig.6 Experimental set up for
the orthogonal cutting tests (a)
[

Orthogonal
cutting tool

illing tool |

procedure for orthogonal cutting consists of three steps: the
initial two steps involve the use of a turning tool and a face
milling tool to prepare the surface for the orthogonal cut-
ting tests, while the third step entails the actual orthogonal
cutting process on the prepared surface, as shown in Fig. 7.
The details of the experimental procedure are as follows:

Step 1: the cylindrical PTFE workpiece is clamped by the
three-jaw chuck and the outer circumference of the work-
piece is machined by the turning tool to maintain the con-
centricity between the workpiece and the machine spindle.

Step 2: the machine executes the instruction to switch
the turning tool to the surface milling tool installed on the
power head. The surface milling tool is used to process a
surface of 30 mm in length and 20 mm in width. During the
surface milling operation, the machine spindle is fixed, as
shown in Fig. 7a.

Step 3: the machine executes the instruction to switch the
surface milling tool to the orthogonal cutting tool. The sur-
face obtained from step 2 is taken to perform the orthogonal
cutting tests, and the machine spindle is fixed, as shown in
Fig. 7b.

The purpose of machining the plane used for orthogonal
cutting experiment through the aforementioned steps is that
the orthogonal cutting tool only needs to be replaced by
rotating the tool tower during the orthogonal cutting experi-
ment, and the tool is calibrated from the aspect of numeri-
cal control program without manual leveling. The relative
position between the tool and the plane would be guaran-
teed by the machining accuracy (0.001 mm) and positioning
accuracy (0.001 mm) of the machine tools in the third step.
Finally, the sequential execution of the orthogonal cutting
experiment with varying cutting depths is conducted. Each
cutting depth experiment necessitates the substitution of a
new workpiece, and aforementioned steps are reiterated. The
key cutting parameters are consistent with the FE simulation

g
Fx :
e~

o

A
T
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Fig.7 Scheme of the orthogo-
nal cutting tests

Workpiece

(a) Milling the surface for the orthogonal
cutting test

conducted previously. So, the MUCT of PTFE and the accu-
racy of the FE model could be analyzed directly.

The cutting force signals are collected by the 3-axis force
sensor (ME-K3D120) with a sampling frequency of 1 kHz.
The measuring range, accuracy, and relative linearity of the
force sensor are + 1 KN, 0.1%, and 0.2%FS respectively. The
collected signals are transmitted to the amplifier and ana-
lyzed by the data acquisition system (DAQ, uT3408FRS),
which has a 24-bit resolution, 8-channel analog, and 2-chan-
nel key phase, as shown in Fig. 6¢. The orthogonal cutting
processes were recorded by the high-speed camera.

5 Results and Discussion
5.1 Validation of the FE Model

The results of the main cutting force F, obtained from the
orthogonal cutting tests and corresponding FE cutting simu-
lations have been compared and analyzed to validate the
accuracy of the FE model. Figure 8a depicts the main cutting
force curve with cutting time when the cutting depth was
30 pm. The cutting force increased rapidly and then became
stable. So, it was divided into the initial cutting stage and the
stable cutting stage. In the stable cutting stage, the cutting
force signal from (0.085-0.105 s) was selected to perform
the comparison. As demonstrated in Fig. 8a, both the cut-
ting force signal from the experiment and FE simulation
fluctuate around 1-3 N. The cutting force signal obtained
from the cutting simulation is more pronounced than that of
the experiment. This could be attributed to that the output
frequency of the simulation is higher than the sampling fre-
quency of the sensor used in the experiment.

Figure 8b depicts the variation of average cutting force
obtained from the stable cutting stage from simulations
and experiments with different cutting depths. The average

B\ filling Tool

Face Milling

hF ixed Spindle

- Orthogonal
Cutting Tool

Orthogonal
Cutting Surface

Workpiece

(b) The orthogonal cutting test on the
surface after milling

cutting forces increased with the cutting depth. The mini-
mum relative error between the simulation and experiment
was 0.885%, which was obtained in the case of cutting depth
was 60 pm. The maximum relative error was 42.1%, which
was obtained in the case of a cutting depth was 50 pm. And
the relative errors of cutting depth of 30 to 50 pm are larger
than those of cutting depths varying from 60 to 80 pm. The
large relative errors could be attributed to that when the cut-
ting depth varies from 30 to 50 pm, the cutting force is small,
and the simulation is performed under ideal conditions. Any
disturbance in the actual cutting tests such as cutting vibra-
tion or machine vibration could lead to obvious changes in
cutting force [37]. When cutting with the ap of 60 to 80 pm,
the cutting force was large enough so that the effect of dis-
turbance decreased. According to the experimental results,
the chips were generated when ap was 70 and 80 pm. The
relative errors in these two conditions were 2.89% and 2.9%,
respectively, which indicated that the established FE model
of the PTFE cutting process has high accuracy.
Furthermore, the chip curvature could present the chip
formation characteristic during the cutting process. Compar-
ing the chip axial ratio obtained from the cutting simulations
and the cutting experiments could evaluate the accuracy of
the FE cutting model [25]. The chip morphology obtained in
the case of ap was 70 and 80 pm are shown in Fig. 9. Chips
in both conditions were continuous. The value of the axial
ratio was 1.186, 1.223, and 1.109, 1.132 respectively, and
the deviations of 3.03% and 2.03% in the two conditions
indicate that the established FE model of the PTFE cutting
process has high accuracy. So, considering the results of
cutting force and chip formation, the proposed FE model
could be applied to predicting the cutting process of PTFE.

@ Springer KEF]E
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Fig.8 Comparison of the main cutting force obtained from the exper-
iment and FE cutting simulation under different conditions

5.2 Analysis of the Minimum Cutting Depth
for PTFE

5.2.1 Analysis of the Minimum Cutting Depth by Cutting
Force

The characteristics of the cutting process could be deter-
mined by analyzing the cutting force, so as to determine the
MUCT of PTFE. As shown in Fig. 8b, the average values
of F, increased with the cutting depth. When the cutting
depth varies from 30 to 60 um, the cutting force increases

@ Springer KE;E

slowly, and the cutting force increases rapidly when the cut-
ting depth reaches 70 pm. At last, the increasing trend of
the cutting force became slow again when the cutting depth
varied from 70 to 80 pm.

In this study, no chips were observed when the ap was
30 pm to 60 pm. The chips generated in the case of ap were
70 pm and 80 pm, as shown in Fig. 9. In the case of cutting
with small ap (30 pm to 60 pm), the tool face mainly applied
friction and extrusion to the workpiece surface. The friction
and extrusion generated in the workpiece-tool contact area
increased with the cutting depth. The cutting force increased
slowly. When a, reached 70 pm, the chip was generated.
The cutting force consisted of friction force, extrusion, and
resistance force during the chip formation. And the resist-
ance force is much larger than the other two kinds of forces.
So, the cutting force increased rapidly.

5.2.2 Analysis of the Minimum Cutting Depth
by the Morphology of the Machined Surface

The contact state between the workpiece-tool surface could
be reflected directly by the morphology of the machined
surface. So, it is introduced to analyze the minimum cutting
thickness of PTFE material indirectly. Figure 10 shows the
machined surface under different cutting conditions captured
by the confocal laser scanning microscope.

The orthogonal cutting experiment in this study was car-
ried out on the surface of the workpiece after milling. And
the orthogonal cutting direction was consistent with the
milling direction. It was observed that the friction traces
and original milling traces were the dominant character-
istics on the machined surface in the cases of the cutting
depth varying from 30 to 60 pm, as shown in Fig. 10a—d.
When the cutting depth is less than the MUCT, the interac-
tion between the tool and the workpiece surface is mainly
friction and extrusion. No materials were removed from the
workpiece, the original milling traces could be observed on
the machined workpiece surface, and the friction marks are
appeared as grooving marks along the orthogonal cutting
direction [38].

Based on experimental findings, it was observed that
the removal of workpiece material and formation of chips
occurred when the cutting depth reached 70 pm. Analysis
of Fig. 10e revealed the disappearance of original milling
traces on the machined surface, with the appearance of both
friction and cutting traces. Further examination in Fig. 10f
indicated that cutting traces became more obvious as the
cutting depth increased to 80 pm, and the cutting traces
are in “wave” shapes. When the cutting depth approaches
or exceeds the MUCT, some or all of the original milling
traces are removed with the removal of the material under
the action of the cutting tool. The “wave” shapes on the
machined surface could be attributed to the accumulation
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Fig.9 Chip morphology obtained from the FE cutting simulation and the orthogonal cutting experiment

of the material. This results in the gathering of workpiece
surface material towards the tool rake face, ultimately lead-
ing to the formation of chips as the material separates from
the workpiece. So, the machined surface would have a wavy
morphology with the repetition of the above-mentioned
process.

5.2.3 Analysis of the Minimum Cutting Depth
by the Visualization Results of the Simulation

Based on the comparative analysis of cutting force and chip
formation characteristics in numerical and experimental pro-
cesses, the constitutive model and cutting simulation model
developed in this study for PTFE material exhibit a high
level of accuracy. Consequently, this section undertakes an
analysis of the MUCT of PTFE material by the visualized
outcomes obtained from the cutting simulation. According
to the results of cutting force, chip formation and surface

morphology, the MUCT of PTFE material in this study is
approximately 70 pm. Therefore, the visualized outcomes of
cutting simulation with cutting depth of 30 pm, 50 pm and
70 pm were selected for comparison and analysis.

During cutting operation, variations in cutting depth
directly impact the stress levels within the workpiece-tool-
chip interface. Given the stress-sensitive nature of polymer
materials, an increase in cutting thickness results in the
change of force generated in the cutting area, consequently
influencing chip morphology [39]. Experimental findings in
this study reveal that upon reaching the MUCT, continuous
chips are produced during the orthogonal cutting of PTFE
material. So, the Mises stress within the tool-workpiece
contact area during the initial stage of orthogonal cutting in
three different cutting conditions has been investigated, as
shown in Fig. 11a—f.

During cutting operation, variations in cut-
ting depth directly impact the stress levels within the
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Fig. 10 Morphology of the machined surface under different cutting depth

workpiece-tool-chip interface. Given the stress-sensitive
nature of polymer materials, an increase in cutting thickness
results in the change of force generated in the cutting area,
consequently influencing chip morphology [23]. Experi-
mental findings in this study reveal that upon reaching the
MUCT, continuous chips are produced during the orthogo-
nal cutting of PTFE material. So, the Mises stress within
the tool-workpiece contact area during the initial stage of
orthogonal cutting in three different cutting conditions has
been investigated, as shown in Fig. 11a—f.

In the initial cutting stage (5x 10~* s), the Mises stress
in three conditions was mainly distributed near the tool tip.
With the continuation of the cutting process (2x 1072 s),
under the condition of cutting depth was 30 pm, the tool
and workpiece surface experience interaction in the form
of extrusion and friction. The stress is mainly distributed in
the area below the workpiece surface-tool contact surface,
as shown in Fig. 11d. Combined with the morphology of the
machined surface, it can be seen that when the cutting depth
is much less than the minimum cutting thickness (30 pm),
the workpiece surface material will mainly undergo elastic
deformation or elastoplastic deformation under the action
of the tool, which mainly depends on the material Young’s
modulus, material yield strength, and tool radius [39]. Due
to the small elastic modulus and the low stiffness of PTFE,
the surface of PTFE workpiece will undergo elastoplastic
deformation under the friction and extrusion of the tool, and
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there is no material separation in the case of cutting depth
was 30 um, as shown in Fig. 11d.

Similarly, as shown in Fig. 11e, when the cutting depth is
increased to 50 pm, the workpiece surface material is mainly
subjected to elastic deformation by the extrusion and fric-
tion of the tool. Although the small cracks were generated
between the workpiece surface material and the workpiece,
these cracks had not expanded. Therefore, no chip generated
under this condition. When the cutting depth is increased to
70 pm, as shown in Fig. 11f, cracks were generated between
the workpiece surface material and the workpiece. And the
stress is mainly concentrated between the workpiece sur-
face material and the front tool face. Under the action of the
tool movement, the cracks continued to expand, resulting in
the separation of the surface material from the workpiece,
and eventually the formation of chips. The plastic defor-
mation of the back side of the chip is greater than that of
the front side of the chip under the interaction between the
workpiece-tool-chip, so a continuous curly chip is formed.
In order to further study the cutting characteristics of PTFE
material when the cutting depth is close to the MUCT, the
node displacement information from the cutting simulation
results is introduced to analyze the interaction between the
tool-workpiece-chip interface [40].

Figure 11g—i illustrates the displacement vector diagram of
workpiece surface nodes under three cutting depth conditions
at 2x 1073 s. In Fig. 11g, when the cutting depth is 30 pm, the
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Fig. 11 Visualized outcomes of cutting simulation with cutting depth of 30 pm, 50 pm and 70 pm

tool exhibits no cutting action, resulting in the deformation
of the workpiece surface material in the opposite direction
of the Y axis due to the extrusion exerted by the tool. This
observation aligns with the aforementioned inference. When
the cutting depth is 50 pm, the node displacement of the mate-
rial separated from the workpiece is consistent with the cut-
ting direction, and most of the remaining node displacement
is still affected by the tool extrusion friction, the direction is
opposite to the Y direction, as shown in Fig. 11h. At this time,
the removed material will be pressed into the bottom of the
tool under the action of extrusion friction to the machined
surface in the subsequent cutting process. Therefore, under

this working condition, the workpiece surface only experiences
elastic—plastic deformation and material flow, without the for-
mation of chips. When the cutting depth increased to 70 pm,
as shown in Fig. 11i, it can be observed that the direction of
most node displacement is still in the opposite direction of the
Y direction. However, the displacement direction of the mate-
rial nodes separated from the workpiece surface is not com-
pletely parallel to the cutting direction, and the component of
the displacement vector of these nodes gradually points to the
direction of the rake face, indicating that the separated mate-
rial tends to form chips. In the subsequent cutting process, the
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Table4 Minimum uncut chip thickness obtained from experiment
and simulation

Material Minimum Cutting tool ~ Tool rake Tool flank
uncut chip edge radius angle (°) angle (°)
thickness (pm)

(pm)
PTFE 70 40 0 6

material separated from the workpiece will gradually generate
chips and curl along the rake face under the action of the tool.

According to the analysis above, taking the results of cut-
ting force, the machined surface morphology, and the visual-
ized results of the cutting simulation into consideration, the
MUCT for PTFE in this study was proposed to be 70 pm, as
listed in Table 4.

6 Conclusions

In the present work, the parameters of the J-C constitutive
model of PTFE were identified by the quasi-static tension
tests and the SHPB test under various testing conditions. The
MUCT of PTFE has been studied by 2D FE orthogonal cut-
ting simulation and the corresponding cutting experiments.
The accuracy of the proposed FE model and the MUCT
of PTFE have been validated and determined in terms of
cutting force, chip formation, morphology of the machined
surface, and the visualization results of the simulation. The
main conclusions are summarized as follows:

1. By conducting the quasi-static tension tests and the
SHPB test under various testing conditions, the param-
eters of the J-C constitutive of PTFE are identified as:
initial flow stress A (MPa):12.52, pre-exponential fac-
tor B (MPa): 28.85, work hardening exponent n: 1.103,
strain rate factor C: 0.1013, and thermal softening expo-
nent m:0.4725.

2. The proposed FE simulation model is reliable. The
numerical results are in good agreement with the experi-
mental results, with a minimum relative error of 0.885%
in cutting force and 2.03% in the axial ratio of chip cur-
vature.

3. The MUCT of PTFE was determined to be 70 pm, in
the case of cutting speed was 5000 mm/min and the rake
angle, flank angle, and tool edge radius of the cutting
tool are 0°, 6°, and 40 pm, respectively.

4. The properties and flow direction of the removed work-
piece material play a significant role in chip formation
under the influence of extrusion and friction in the
workpiece-tool-chip contact area. The MUCT of PTFE

@ Springer KE;E

exceeds the tool radius, which can be attributed to the
high elasticity of PTFE. When the cutting depth falls
below the MUCT but remains larger than the tool radius,
the material is prone to be plowed beneath the cutting
tool surface due to the extrusion force exerted by the
tool. Consequently, only material flow occurs without
the formation of distinct chips.

Further research will focus on modifying the established
FE model, and the influence of the different tool geometries
such as tool radius and tool angles on the MUCT of PTFE.
Simultaneously, 3D cutting model will be proposed and
more physical variables such as temperature will be intro-
duced to the simulation model.
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